Increasing effort is directed toward elucidating the mechanisms by which guanine nucleotide-binding proteins regulate specific cellular processes. A common feature of this class of proteins is that GTP induces a transition from an inactive to an active conformation. The latter is limited by the hydrolysis of GTP and the coincident production of GDP. Here we provide evidence that guanine nucleotides may regulate biological processes by inducing the phosphorylation of specific proteins. In particular, we report a GDP-dependent phosphorylation of p36, a 36-kDa protein of Dictyostelium discoideum plasma membranes.
Phosphorylation-dephosphorylation of key cellular components is a widely used mechanism for controlling biological processes. These modifications are catalyzed by protein kinases and phosphatases that recognize a diversity of substrates, such as hormone receptors, ion channels, enzymes, and structural proteins (1) (2) (3) (4) . Protein kinases are themselves regulated by specific effector molecules. Frequently these effectors function as second messages for hormones, thus providing an important means of continuing the cascade of intracellular events that define the physiological response. Particular kinases are categorized with respect to their specific effectors-e.g., cAMP-dependent, cGMPdependent, Ca2 /calmodulin-dependent, or Ca2 /phospholipid-dependent protein kinase. We have observed that a protein kinase in Dictyostelium discoideum plasma membranes phosphorylates a 36-kDa protein (p36) also present in that subcellular fraction and does so in a GDP-dependent manner. Such an activity provides evidence for an unusual regulation of protein phosphorylation involving guanine nucleotides.
MATERIALS AND METHODS
Strains and Culture Conditions. Ax-2 amoebae (5) were grown in HL-5 medium (6) . Cell differentiation to aggregation competence was induced by starving amoebae in 20 mM sodium phosphate (pH 6.5) (7) and was monitored morphologically (8) .
Membrane Phosphorylation. The plasma membraneenriched fraction was prepared from vegetative or starved cells and phosphorylated at 21°C using ['y-32P]ATP as described (9) . Additions to the reaction mixture are designated in the figure legends. The reaction was terminated after the indicated times of incubation by the addition of SDS/PAGE sample buffer (10) and the products were analyzed by SDS/PAGE (10) and autoradiography. Where indicated, linear-range autoradiograms were analyzed using a Bio-Rad model 620 video densitometer and 1-D analyst software to determine peak areas.
Other Procedures. Western blots were performed according to Mumby et al. (11) except that no detergents were added to the buffers. L-1-Tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin treatment of partially purified p36 was performed according to Fung and Nash (12 
RESULTS AND DISCUSSION
In the course of studies in this laboratory on phosphorylation mechanisms in D. discoideum (9, 13, 14) , it was observed that the phosphorylation of a 36-kDa protein (p36) was enhanced by GDP. Fig. 1 shows the changes in p36 radiolabeling when partially purified plasma membranes were phosphorylated in the absence, or presence, of added guanine nucleotides. show that p36 could be phosphorylated, to a degree, in the absence of additional components. Radiolabeling of the protein was evident within 15 sec of incubation with [y-32P]ATP and generally reached a maximum level after 2 min. A striking increase in the rate of phosphorylation of p36 was observed when GDP was added to the reaction mixture (lanes 7-9). Maximum phosphorylation of p36 occurred within the first 30 sec of incubation in the presence of GDP. In this particular experiment, that maximum level observed was not significantly different from that seen when p36 was phosphorylated without GDP (compare lanes 7 and 3). In membrane preparations containing lower basal kinase activity, the effect of GDP on the degree of p36 phosphorylation was more dramatic. The reasons for the variability are as yet unclear but may reflect altered amounts of endogenous GDP in different membrane preparations. No changes in either the rate or extent of phosphorylation of other proteins were evident, indicating that the effect of GDP on protein phosphorylation was specific for p36 (also see Fig. 2 When the effects of various nucleotide analogues were tested, they were added to the reaction mixture at 10 AM. The molecular mass of p36 (arrow) was determined using the molecular weight standards kit purchased from Sigma. p36
comigrated with a known 36-kDa protein, the f8 subunit of the G protein transducin. A small amount of radiolabeled p36 was added to purified transducin (kindly supplied by G. Johnson) and the mixture was analyzed by SDS/PAGE. Coomassie blue staining revealed the 3 subunit of transducin and autoradiography was used to detect p36. Molecular masses (in kDa) are shown at the right. GppNHp,
such conditions, the addition of GDP caused increases in p36 phosphorylation similar to those observed when [y-32P]ATP was the source of radiolabel. This was true using a range of nucleotide triphosphate substrate concentrations from 10-8 M to 5 x 10-6 M. Detailed biochemical analysis of the kinase, in terms of its substrate specificity, divalent cation requirements, and other possible effectors, will be reported elsewhere (A.A. and C.K., unpublished results).
The changes in p36 phosphorylation as a function of GDP concentration were examined ( Fig. 2A) . GDP could stimulate the phosphorylation of p36 at concentrations as low as 2.5 x 10-M (lane 4). Maximum stimulation was observed between 2.5-5 x 10-6 M GDP (lane 7). Higher concentrations were less effective (also see Table 1 ). Other analogues, including GMP, AMP, ADP, guanosine, and adenine, had no effect on the phosphorylation of p36 (Table 1) . That the increased phosphorylation is specific both with respect to the substrate, p36, and the effector, GDP, would argue that GDP is acting in a regulatory manner.
To assure that the radiolabeling of p36 did not reflect an association of the Under those circumstances, no radiolabeled proteins, in particular p36, were observed. The radiolabel incorporated into p36 was sensitive to alkaline hydrolysis. If a gel duplicate to that shown in Fig. 2A was treated with 1 M NaOH at 55°C for 1 hr (15) prior to autoradiography, most, if not all, of the radiolabel in p36 was removed (data not shown). Such results indicate that serine or threonine residues of the protein were phosphorylated, as opposed to tyrosine residues.
We have observed that D. discoideum membranes also contain a phosphatase activity capable of specifically dephosphorylating p36 (Fig. 2B ). Membranes were phosphorylated for 2 min, at which time 0.1 mM ATP was added. Further incubation resulted in a rapid loss of radiolabel from p36 (Fig.  2B) . Generally, radiolabel was removed with a half-time of 2-3 min. No loss of radiolabel from other proteins was observed within the time span of the experiment. The addition of GDP at the time of the ATP chase did not decrease the rate of dephosphorylation of p36, suggesting that GDP was not increasing the level of p36 radiolabel by inhibiting the phosphatase. This was investigated further by modifying experimental conditions to minimize or eliminate the phosphatase activity. One such means was to lower the incubation temperature from 21°C to 14°C. At the lower temperature, the radiolabel incorporated into p36 was stable for at least 10 min after the addition of nonradioactive ATP. (Longer times were not investigated.) Under these conditions, GDP could still effectively increase the level of radiolabel incorporated into p36 (data not shown). Thus GDP stimulates the phosphorylation of p36, as opposed to inhibiting its dephosphorylation.
The stimulation of p36 phosphorylation by GDP provides evidence for a, to our knowledge, previously unreported mechanism by which a guanine nucleotide may regulate cellular functions. In so doing, GDP may function as an allosteric regulator of a protein kinase that specifically phosphorylates p36. Alternatively, GDP may bind to p36-or another protein(s) with which it may be associated-to render p36 a better substrate for a kinase. An equivalent "ligand occupancy" of proteins such as the cAMP chemotactic receptor and the f3-adrenergic receptor has been shown to render those proteins susceptible to specific phosphorylation by cAMP chemotactic receptor kinase (CAR-kinase) (9) and ,3-adrenergic receptor kinase (p3-ARK) (16) , respectively. Currently, we cannot distinguish between those two possibilities.
To do so requires the purification of p36, the identification of putative guanine nucleotide-binding proteins (G proteins) in this system, and an understanding of the relationship or interaction of such proteins with p36. Thus we have begun to purify p36 and characterize the proteins or activities associated with it. Phosphorylated p36 has been purified to the degree that all of the other phosphorylated proteins present in the original starting material have been eliminated (Fig. 3A,  lane 3) . SDS/PAGE and silver staining revealed the presence of =15 bands present in this preparation. Both p36 kinase and phosphatase activities co-purified with p36, as indicated by the ability to phosphorylate p36 in a GDP-dependent manner and to dephosphorylate the protein (data not shown). Purification of p36 and its ability to be phosphorylated in a GDP-dependent manner are the subjects of another report (A.A., L. Goodwin, and C.K., unpublished results). One protein present in this semi-purified preparation of p36 is recognized by anti-P antiserum (11) . That antiserum was raised against the p subunit of mammalian G protein, the class of proteins involved in transducing hormonal and sensory signals from cell surface receptors (17, 18) . The a subunits of G proteins bind guanine nucleotides, in particular GTP and GDP. The ,8 subunit is a 35-or 36-kDa protein. The ,p subunits of various G proteins show strong sequence homology (19, 20) and immunological cross reactivity (11, 21) . As shown in lane 1, anti-p antiserum S217 recognized a 36-kDa protein present in D. discoideum membranes. Partially purified preparations of p36 still retained the protein recognized by that antiserum (lane 2).
We observed that the level of p36, as judged by its degree of phosphorylation in plasma membrane preparations, varied (11)], was used for immunoblotting, the 36-kDa band was identified, along with a few higher molecular mass proteins that differed from those seen with antiserum S217, suggesting that such cross-reacting material is nonspecific and may be characteristic of the rabbit used for immunizations. Radiolabeled partially purified p36 was also analyzed on the same gel and transferred onto nitrocellulose but the strip was used directly for autoradiography 4) and aggregation competent cells (lanes 2 and 3) were either phosphorylated for 1 min (lanes 1 and 2) or analyzed by immunoblots using antiserum S217 (lanes 3 and 4) . In the experiment shown, phosphorylation of p36 was performed in the absence of added GDP since the high degree of p36 phosphorylation achieved in the presence of GDP was too high to permit comparison of lanes exposed for identical times. (C) Partially purified p36 was treated with L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin for 5 min at 0°C according to Fung and Nash (12) . Shown are samples that had been incubated without added trypsin (lane 1) or with trypsin (lane 2) and analyzed on 15% SDS/PAGE gels. The sizes of the fragments generated had been analyzed on both 10%o and 15% gels using the molecular weight marker kits from Sigma [which contain the markers used by Fung and Nash (12) 12, 22) . As seen in Fig. 3C , limited tryptic digestion of phosphorylated partially purified p36 generated a predominant radiolabeled band of 15 kDa. Another band of 27 kDa could also be detected but the amount of radiolabel present in that fragment was minor relative to that recovered in the 15-kDa band. It appears that the (phosphorylated) products of p36 tryptic digestion resemble the digestion products of a p subunit. The data also indicate that the phosphorylation of p36 is primarily localized to the 15-kDa region of the protein.
Thus the results raise the possibility that p36 resembles a A subunit of a G protein and have also provided evidence that a G protein in this system is developmentally regulated.
In summary, we have demonstrated an unusual GDPdependent phosphorylation of a 36-kDa protein in D. discoideum membranes. To our knowledge, this represents the first demonstration that GDP may regulate cellular functions by altering the phosphorylation of a specific protein(s). The presence of a phosphatase, which also appears to be specific for p36, provides a rapid means of assuring the reversal of this modification when GDP is limiting. The effects of GDP on p36 phosphorylation can be seen at very low concentrations of guanine nucleotide and are very rapid, as is the dephosphorylation of the protein. Thus, D. discoideum cells seem to have developed a highly responsive system to assure rapid changes in the state of p36 phosphorylation. The use of such a sensitive mechanism of regulation and the fact that p36 phosphorylation varies in development would imply an important physiological role for the protein, a role that should be elucidated when its identity is known. Current experiments have raised the possibility that p36 may be a p subunit of a developmentally regulated G protein. Questions concerning the role of p36 phosphorylation, the identity of its kinase, and their relationships to a G protein complex should be elucidated as purification and characterization of these proteins proceed.
